ABSTRACT: We use electrochemical impedance spectroscopy to measure the effect of diluting a hydrophobic room temperature ionic liquid with miscible organic solvents on the differential capacitance of the glassy carbon−electrolyte interface. We show that the minimum differential capacitance increases with dilution and reaches a maximum value at ionic liquid contents near 5− 10 mol% (i.e., ∼1 M). We provide evidence that mixtures with 1,2-dichloroethane, a lowdielectric constant solvent, yield the largest gains in capacitance near the open circuit potential when compared against two traditional solvents, acetonitrile and propylene carbonate. To provide a fundamental basis for these observations, we use a coarse-grained model to relate structural variations at the double layer to the occurrence of the maximum. Our results reveal the potential for the enhancement of double-layer capacitance through dilution. R oom temperature ionic liquids (RTILs) are regarded as the next-generation electrolytes for electrochemical double-layer capacitors (EDLCs), as their low volatility and wide electrochemical windows (>4 V) can lead to safer devices with greater energy density.
R oom temperature ionic liquids (RTILs) are regarded as the next-generation electrolytes for electrochemical double-layer capacitors (EDLCs), as their low volatility and wide electrochemical windows (>4 V) can lead to safer devices with greater energy density. 1 However, the low conductivity of RTILs limits the rate performance of EDLCs and yields devices with suboptimal power density. 2 To overcome this limitation, in top-performing EDLCs, 50 wt % acetonitrile (AN) is added to the RTIL electrolyte (∼1 M), as the bulk conductivity of the mixture is greater than that of the neat RTIL due to a lower viscosity. 3−5 Such RTIL/solvent mixtures are electrochemically stable up to 4 V and have also shown promise in devices operating at high temperatures. 6, 7 Additionally, RTILs offer processing advantages over traditional solid salt-based electrolytes, namely, they can be evaporatively consolidated with the active electrode material from a volatile phase (e.g., organic solvent) to form dense electrodes. 3, 8 Though improvements in rate performance have been achieved using these mixtures, the effect of diluting RTILs with organic solvents on the doublelayer capacitance of the electrode−electrolyte interface remains unclear. 9−12 Understanding the effect of RTIL dilution with organic solvents on the double-layer capacitance is critical in the design of RTIL/solvent combinations that maximize capacitance and, correspondingly, improve the energy density of EDLCs.
A large body of work exists regarding the theory and characterization of neat RTILs; yet, only a few reports have studied RTIL/solvent mixtures. 13 Recently, several computational works have suggested that the addition of nonionic solvent (to ∼1 M) to RTILs has an insignificant effect on the double-layer capacitance. 9, 10 This claim runs counter to the Gouy−Chapman-Stern (GCS) theory of the electrochemical double-layer (EDL) as a decrease in capacitance with dilution is expected, due to a decreasing ion concentration.
14 Furthermore, two previous experimental studies suggest a maximum in capacitance with dilution. 15, 16 Liu et al. show a maximum massspecific capacitance at 2.0 M 1-ethyl-3-methylimidazolium tetrafluoroborate in AN, yet they are unable to extract information about the double-layer capacitance due to the complicating transport effects of their porous electrodes. 15 In a second study, Siinor et al. show that the differential capacitance of neat 1-butyl-1-methylpyridinium tetrafluoroborate is less than that of a 0.5 M solution in AN; yet, they do not investigate the technologically relevant concentration regime (>1 M) and overlook the presence of a maximum. 16 Thus, as a maximum in capacitance with RTIL dilution is not predicted by current EDL theory and as detailed experimental data regarding the doublelayer capacitance for technologically relevant concentration regimes are lacking, our goal, in this study, has been to provide a rigorous analysis of the effect of RTIL dilution with organic solvents on the differential capacitance of the glassy carbon (GC)−electrolyte interface and also provide a fundamental basis for the cause of this effect by using an Ising model.
We use electrochemical impedance spectroscopy (EIS) and a planar GC electrode to probe the EDL and provide insight into the double-layer capacitance using mixtures of RTILs and organic solvents over a wide concentration range (0.1 to 3.85 M). EIS measurements were performed from the open circuit potential (OCP) as suggested by Lockett et al. to reduce hysteresis effects 17 (see Supporting Information (SI)). We selected GC as the electrode material, as it not only resembles the disordered carbonaceous materials used in EDLCs 18 but also possesses a large space charge capacitance, which allows us to probe the ionic side of the interface with greater sensitivity than if we had used highly oriented pyrolytic graphite, which is limited by its low space charge capacitance. 19 We also chose the RTIL 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMImTFSI), as it remains popular in the EDLC literature due to its moderate voltage window, relatively low viscosity, and miscibility with a variety of organic solvents. 20 Using this system, we show that the differential capacitance of the electrode−RTIL interface reaches a maximum with RTIL dilution using three different solvents and provide evidence that this capacitance maximum is not quantitatively correlated with the mixture's bulk conductivity. Furthermore, we show that mixtures with 1,2-dichloroethane (DCE) outperform those with AN, as mixtures with DCE yield the largest gains in capacitance near the OCP, suggesting that AN may not be the best choice of diluent to maximize the double-layer capacitance of the interface. Lastly, we use a coarse-grained model to provide an explanation for this anomalous capacitance maximum in the context of current understanding of the EDL for RTILs.
The minimum differential capacitance (C min ) of the GC− electrolyte interface for mixtures of EMImTFSI diluted with AN, DCE, and propylene carbonate (PC) is reported in Figure  1a as a function of EMImTFSI content. The C min for neat EMImTFSI (100 mol%, 3.85 M) is 9.5 μF/cm 2 , a value comparable to what has been previously reported in the literature. 21 When EMImTFSI is diluted with each solvent, C min increases and reaches a maximum at an EMImTFSI content between 5 and 10 mol%. This maximum occurs for mixtures of EMImTFSI with each of the three solvents, confirming its existence and demonstrating that the behavior is not exclusive to mixtures with AN. A maximum is unexpected, as the GCS treatment of the EDL predicts that the capacitance should always increase with increasing ion concentration in solvent due to (i) a decrease in the Debye length of the diffuse double-layer and (ii) an increase in the specific adsorption of ions.
14 In addition to the maximum C min , we note that the absolute values of the maximum C min for each solvent series are quantitatively different. Mixtures with DCE display the largest maximum C min of 23.4 μF/cm 2 at 5.3 mol% EMImTFSI, while dilutions of EMImTFSI with AN or PC display maxima of 20.1 and 17.6 μF/cm 2 , respectively. In changing the composition of the RTIL/solvent mixture, we note that we are also altering the bulk conductivity of the electrolyte. This has been the primary motivation for using RTIL/solvent mixtures as electrolytes. 22 A correlation between the conductivity and the double-layer capacitance is unexpected, as the double-layer capacitance is a quantity defined at thermodynamic equilibrium, while bulk conductivity is a kinetic measurement based on dissipative losses in the system. However, the varying solution resistance may have an effect on the EIS measurements. To confirm that the trends in Figure 1a are not an artifact of conductivity, we measured the bulk conductivity of EMImTFSI/solvent mixtures as a function of EMImTFSI content, shown in Figure 1b . For each RTIL/ solvent series, conductivity increases as EMImTFSI is diluted to ∼20 mol%, after which a maximum in conductivity is observed and is expected due to a trade-off between a decreasing viscosity and decreasing ionic concentration with dilution. Mixtures with AN yield the largest values of conductivity, with a maximum of 36.1 mS/cm observed at 10.8 mol% EMImTFSI. This value is nearly three times larger than the conductivity maxima observed for mixtures with DCE and PC, yet mixtures with DCE yield the largest C min . Additionally, the EMImTFSI contents at which the maxima in conductivity and C min are observed do not coincide for mixtures with DCE and PC. Similarly, the trends in the maximum C min also do not follow the quantitative trends in the bulk viscosities of the mixtures ( Figure S1 ). Therefore, any apparent, qualitative correlation between conductivity and differential capacitance likely stems from more fundamental, underlying molecular mechanisms such as specific solvent−EMImTFSI interactions. Given these data, we attest that the trends reported in Figure 1a are not artifacts of mixture conductivity as significant quantitative discrepancies exist between the maximum conductivity and maximum C min reported for each solvent series.
In addition to the quantitative differences in the maximum C min , the shapes of the differential capacitance−potential (C− V) curves of the EMImTFSI/solvent mixtures are remarkably different. Figure 2 shows the C−V curves for neat EMImTFSI as well as for EMImTFSI diluted with each of the three solvents. As seen in Figure 2a , the shape of the C−V curve for neat EMImTFSI is concave up within the 2 V potential window studied, which is in agreement with the shape predicted by models of nonspherical RTIL ions. 23 When EMImTFSI is diluted with DCE to 75 mol%, the capacitance increases globally as shown by the vertical shift in the C−V curve and features a shallow "U"-shape within the given potential window, with a pronounced C min . As EMImTFSI is further diluted to 36 mol%, the slopes of the anodic and cathodic branches of the C−V curve increase, and the curve assumes a sharper "V"- 
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Letter shape, which is retained at 0.8 mol% EMImTFSI. Similar behavior is observed in Figure 2b for mixtures of EMImTFSI/ AN, as the slopes of the anodic and cathodic branches increase as EMImTFSI is diluted to 0.5 mol%. However, the increase in the slopes is smaller than that observed for the EMImTFSI/ DCE mixtures. For the EMImTFSI/PC mixtures shown in Figure 2c , the increase in the slopes is minimal up to 21 mol%, and only at 5.7 mol% does a shallow "U"-shape appear. Thus, the gains in differential capacitance of EMImTFSI/solvent mixtures near the OCP increase in the order of PC < AN < DCE. This result is remarkable, as it suggests that a lowdielectric constant solvent, such as DCE (ε ∼11) can yield greater enhancement in double-layer capacitance than AN (ε ∼34) and, as a result, may serve as a more useful diluent for high energy density EDLCs. 24 While concentration effects in dilute solutions are well understood, i.e., the GCS theory predicts the capacitance increases proportionally to the square root of the bulk ion concentration, 14 a similar understanding for RTILs is lacking in view of the experimental results presented above. To gain insight into the role of dilution on the capacitance in EMImTFSI, we have simulated a coarse-grained model, defined by the Hamiltonian
where q is the charge density of a lattice site, J sets the strength of local repulsive interactions, {s} denotes the vector of Isinglike variables, s i = [0, ± 1], the bracket ⟨ij⟩ denotes a restriction over distinct nearest neighbor pairs, r ij is the distance between sites i and j on a three-dimensional cubic lattice, and v(r) is a Coulomb interaction evaluated on those lattice sites, which approaches 1/|r| as r → ∞. This so-called charge-frustrated Ising model 25 has been studied theoretically in the context of ionic liquids, reproducing interfacial experimentally observed phase diagrams, as well as molecular models. 26 In this model, solvent molecules are idealized as noninteracting cells, s i = 0, with unit dielectric constant, and ions are constrained to a fixed density, ρ.
Capacitance calculations for J = 1.5 and q = 2 are shown in Figure 3 with additional calculations and simulation details available in the SI. Consistent with experiment, for certain parameter regimes, we find a nonmonotonic dependence of the capacitance at zero charge, C, as a function of ion concentration. While for low ion concentration we recover the square root dependence predicted by GCS theory, deviations from this scaling are found for ρ >0.1. Figure 3b − d shows that the capacitance as a function of applied voltage, C(V), is similarly consistent with the experimental measurements, with a curvature around V = 0 that increases with increasing ion concentration. For all ρ >0.1, we find a double peak forms in the CV curves, as has been observed previously, 23 with an increasing voltage range between the two peaks observed with increasing concentration.
Within this model, the capacitance maximum results from a competition between charge fluctuations at the electrode due to the uncorrelated motion of single free ions that dominates in the dilute regime, and those similarly free motions of dilute solvent molecules that can dominate in the highly concentrated limit. While the solvent molecules themselves do not carry a charge, due to the incompressibility of the lattice, solvent motion in a concentrated electrolyte occurs with the correlated swapping of a charge in the direction opposing its motion. When solvent molecules are dilute, they exhibit exponential correlations away from the electrode and concurrently increase the capacitance proportionally to the square root of their concentration, just as dilute ions do within the context of GCS theory. When these solvent-induced charge fluctuations are large compared to typical charge fluctuations within the ionic liquid, such as for large q where the liquid interface is highly charge-ordered, the capacitance will increase with dilution. Alternatively, when ion fluctuations are facile, the capacitance can remain constant or even increase with increasing concentration (see SI). The dependence of the capacitance maximum with dielectric constant, observed in the experiments, can be interpreted within this mechanism as reflecting the size of the effective charge correlated with solvent motion, with higher dielectric constant solvents reducing the magnitude of this charge through screening and subsequently reducing the capacitance. Recently, experimental studies have also suggested that the interfacial structures of RTILs differ considerably from the bulk and feature charge-ordered or "solid-like" behavior, 27, 28 which is consistent with the findings of this coarsegrained model. Understanding how molecular features of the solvent and ions such as size, shape, and polarizability result in changes to these effective parameters requires molecular level models and is worth further exploration.
Our results confirm that the differential capacitance of the electrode−electrolyte interface can, in fact, increase through diluting EMImTFSI with a miscible organic solvent to EMImTFSI contents between 5 and 10 mol%, depending on the solvent used. Additionally, we demonstrate that of the three solvents studied, DCE, a low-dielectric constant solvent, yields the greatest gains in capacitance at all potentials studied, suggesting that AN may not be the optimal solvent for high energy density EDLCs. Such knowledge may ultimately prove useful in engineering new RTIL−solvent mixtures for EDLCs, which maximize both power and energy density.
■ EXPERIMENTAL METHODS
AN (99.8%, Sigma-Aldrich), DCE (99.8%, Sigma-Aldrich), and PC (99.7%, Sigma-Aldrich) were stored in a glovebox (Innovative Technologies, H 2 O < 1.0 ppm, O 2 < 0.2 ppm) filled with ultrapure argon (99.9999%, AirGas) immediately upon delivery in sealed containers. EMImTFSI (99.5%, Iolitec) was purchased at its highest available purity. The as-received RTIL was further purified by washing 5 times with warm, deionized water and drying at 110°C under vacuum for 2 days on a standard Schlenk line. The purified RTIL was immediately transferred to the glovebox for storage until use. Figure S2 shows cyclic voltammograms of EMImTFSI before and after purification. Electrolyte mixtures were prepared gravimetrically and vigorously mixed inside the glovebox using a Teflon stir-bar for 15 min prior to use. Glass pipettes were used, and extreme care was taken not to contaminate the RTIL or solvents during preparation. Each mixture was freshly prepared before use.
A 3 mm diameter GC rod electrode (CH Instruments) was polished with 0.05 μm aluminum monohydroxide powder, rinsed with deionized water and bath sonicated in ethanol for 20 min after each polish. The rod electrode was immediately transferred to the glovebox, where it remained until use. A platinum mesh was used as a counter electrode, while a pseudoreference electrode was employed consisting of a platinum wire encased in a fritted glass sheath and filled with the identical electrolyte composition as probed in each measurement. The reference electrode architecture allowed for isolation of the platinum wire from the bulk electrolyte and kept the wetted area of the wire constant. Immediately after each measurement was performed, the reference electrode was calibrated against a 5 mM ferrocene standard for the same RTIL/solvent composition of the analyzed electrolyte; ferrocene is not present during the impedance measurements. The ferrocene electrolyte was also used to confirm the geometric surface area of the electrode using the Cottrell equation, 29 which was 0.071 ± 0.002 cm 2 . Cyclic voltammetry and EIS were performed using a computer-controlled digital potentiostat (VSP, Bio-Logic, USA). All experiments were conducted in a three-electrode electrochemical cell inside the glovebox. Cyclic voltammetry was performed at 10 mV/s three times across the selected voltage window to clean the electrode surface prior to measurements. Impedance measurements were taken from 10 kHz to 1 Hz in steps of 100 mV with a 2 min rest at each potential of interest before each measurement to allow for equilibration. Anodic and cathodic scans were performed from the OCP as suggested by Lockett et al. with a 30 min wait period at OCP between scans. 17 All differential capacitance data were reported at 46 Hz, as that was deemed an appropriate frequency for all EMImTFSI/solvent mixtures studied. Using this protocol, experiments were performed in duplicate and the calculated values of C min were within 10% of one another; the C−V curves were in good agreement.
A conductivity meter (CDM83, Radiometer Copenhagen) with a compensation probe was used to measure the conductivity of the RTIL/organic solvent mixtures. Select mixtures were sheared on a rheometer (Anton Parr MCR 501, U.S.A.) in a Couette cell to independently measure the viscosity of the mixtures. All measurements were performed at room temperature, 21 ± 2°C. 
